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ABSTRACT

We prepared monoclonal antibodies specific for smg p21A, one of the
low molecular weight GTP-binding proteins and possibly a suppressor
molecule for ras p21. Two monoclonal antibodies (T22 and T212) reacted
with sniff p21A but not with Ki-ras p21, both of which were produced by
EscherÃ¬chiacoli. These two clones detected an .V/, 21,000 band in one-
dimensional immunoblotting of extracts of a human pancreatic cancer
cell line which was indistinguishable from a band detected by RASK-3,
a monoclonal antibody specific for ras p21. However, T22 and T212
detected a single spot in two-dimensional immunoblotting that was clearly
different from the three spots detected in the same cellular extracts by
RASK-3.

A series of normal and malignant human tissues were examined for
the expression of smg p21A and ras p21 by immunohistochemical meth
ods utilizing T22 and RASK-3. In essentially all tissues examined, both
normal and malignant, smg p21A and ras p21 were expressed with great
similarity. Expression of both molecules in all malignant tissues examined
was coincident with that in normal tissues except that gastric cancer
showed increased expression of the two molecules in comparison with
normal gastric tissue.

INTRODUCTION

smg p21s3 are a member of a ras p21/ras p21-Iike small G

protein superfamily (1, 2), being composed of smg p21A and
smg p21B (3, 4). smg p21A is identical with the rapi A and
K.rev-1 proteins and smg p21B is identical with the raplE
protein (3-8). smg p21A and -B are highly homologous and
only 9 amino acids are different from each other (3-8). They
have the consensus amino acid sequences for GDP/GTP-bind-
ing and GTPase activities (3-8) and the proteins purified from
mammalian tissues indeed exhibit these activities (3, 9). smg
p21s have the same putative effector domain as those of ras
p21s (3-8). This structural property suggests that smg p21s
exert actions similar and/or antagonistic to those of ras p21s.

Noda et al. (l, 8) have reported that the complementary DNA
of Krev-1 (smg p21 A) could cause reversion of the transformed
phenotype of NIH3T3 induced by Kirsten sarcoma virus. This
suggested that smg p21A was possibly a suppressor molecule
with a function antagonistic to that of activated ras p21. Since
the N-, Ha-, and Ki-ras genes activated by point mutation are
thought to play essential roles in the oncogenesis of a number
of human cancers (1, 10), analysis of the molecular interactions
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of smg p21 A and ras p21 is of considerable importance.
We therefore investigated the profile of expression of smg

p21A and ras p21 in human tissues, by first preparing mono
clonal antibodies specific for smg p21A and then making an
immunohistochemical analysis of the expression of these two
molecules.

MATERIALS AND METHODS

smg p21A and Ki-ras p21. smg p21A was produced in E. coli as
follows and used as an immunogen. The expression vector, pCZ smg21,
was constructed by the following procedures. The Hind\\\ site was
introduced into smg p21A complementary DNA just upstream of the
initiation condÃ³n(ATG) by the oligonucleotide-directed in vitro muta-
genesis method (11). An approximately 0.6-kilobase pair DNA frag
ment encoding the complete sequence of 184 amino acids for smg p21A
was isolated after Hindlll and Bglll digestion and inserted into the
Hindlll-Bglll site of a pCZ vector, which then expressed smg p21A
under the control of the E. coli tac promoter. The pCZ vector is
essentially the same as the pUSI2 vector (12), except for slight modi
fications of restriction enzyme cleavage sites.

The YA21, E. coli strain, was transformed with pCZ smg2\. This
was cultured and then treated with isopropyl-Â£f-D-thiogalactoside to
induce the production of smg p21A, as described previously (12). The
lysate of the cultured bacteria was fractionated by SDS-PAGE, and
smg p21 A was recovered electrophoretically and used as the antigen to
prepare monoclonal antibodies.

Ki-ras p21 was prepared in E, coli, as previously described, and was
kindly provided by Dr. Hirobumi Nakano (Tokyo Research Lab.,
Kyowa Hakko Kogyo Co., Tokyo, Japan) (13).

Preparation of Anti-smg p21A Monoclonal Antibodies. BALB/c mice
were immunized 3 times with smg p21A at 2-week intervals: the first
time s.c. with 50 ^g of smg p21A and complete Freund's adjuvant, the
second time s.c. with 100 ^g of smg p21A and incomplete Freund's

adjuvant, and the third time i.p. with 100 ^g of smg p21A alone. Spleen
cells were obtained from the mice and fused with NS-1 mouse plas-
macytoma cells, as described previously (14). The hybridoma culture
supernatants were assayed for anti-swig p21A antibody by ELISA.
Limiting dilution of positive cultures was carried out 2-3 times to
obtain monoclonality, and subisotyping of monoclonal antibodies was
performed using a Mouse Monoclonal Subisotyping Kit (American
Qualex International Inc., La Mirada, CA).

Anti-ray p21 Monoclonal Antibodies. The anti-ras p21 monoclonal
antibodies used (RASK-3, RASK-4, and RASK-15) have been described
previously (15) and react with N-, Ha-, and Ki-ras p21.

Purification of Monoclonal Antibodies. Monoclonal antibodies were
purified from mouse ascites using an Affigel Protein A MAPS-II Kit
(Bio Rad Lab., Richmond, CA). The protein concentration was meas
ured by the absorbance at 280 nm (1.0 unit = 0.7 mg/ml).

ELISA. ELISA was performed as described previously (15). Briefly,
smg p21A (20 Mg/ml) or Ki-ras p21 (20 Mg/ml) was fixed to 96-well
immunoplates (Corning, New York, NY) as the solid phase. Goat anti-
mouse IgG antibodies conjugated with peroxidase (Cappel, Organon
Teknika Co., New York, NY) were introduced as the second antibody,
and o-phenylenediamine was used as the substrate. The absorbance at
492 nm was measured with an automatic ELISA reader (Easy Reader
EAR340, SLT Lab Instruments, GrÃ¶dig,Austria).
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Immunohistochemical Staining of Tissues. Paraffin-embedded blocks
of 10% formalin-fixed tissues were used. Immunohistochemical stain
ing of tissues was performed as described previously (15). The purified
anti-img p21A monoclonal antibody T22 and the anti-r<w p21 mono
clonal antibody RASK-3 were used at concentrations of 2 Mg/m' and
10 ^g/ml, respectively. Anti-human platelet glycoprotein Ib monoclonal
antibody HPL-7 was used as a control antibody (10 Mg/ml).

One-Dimensional and Two-Dimensional Immunoblotting. To prepare
the crude membrane fraction of a human pancreatic cancer cell line
(Paca 2), 4-5 x 10*cells were suspended in 2-3 ml of 10 miviTris-HCl

(pH 7.5) containing 10% sucrose, 1 mM phenylmethylsulfonyl fluoride,
and 20 units/ml of aprotinin. Cells were homogenized with a Teflon-
glass homogenizer, sonicated for 2 min, and then centrifuged at 600 x
g for 5 min. Supernatants were collected and centrifuged again at
20,000 x g for 40 min. The pellets were suspended in 1 ml of 10 mM
Tris-HCl (pH 7.3) containing 0.15 M NaCl, 0.01 M MgCl2, 0.5%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and 20 units/ml
of aprotinin. This suspension was kept on ice for 15 min and then at
room temperature for another 15 min, followed by centrifugation at
20,000 x g for 40 min at 4Â°C.Supernatants were then removed and
stored at 4Â°C.

For one-dimensional immunoblotting, extracted protein was sepa
rated by 15% SDS-PAGE and transferred electrophoretically to poly-
vinylidine difluoride membranes (Immobilon; Millipore Co., Bedford,
CA). The membranes were incubated with monoclonal antibodies for 1
h at room temperature and then incubated with 125I-labeledprotein A

for 20 min at room temperature after blocking with 3% bovine serum
albumin. After the membranes were washed to remove excess '"!-

labeled protein A, they were exposed to an X-ray film (Konica Co.,
Tokyo, Japan ) at -70Â°Cwith an intensifying screen for 1-2 days. The

anti-human platelet glycoprotein Ilb/IIIa monoclonal antibody HPL-2
(IgG2a) was used as the control antibody. The molecular weight stand
ard used was a prestained protein molecular weight marker, High Range
(Bethesda Research Lab., Life Technology Inc., Bethesda, MD).

Two-dimensional polyacrylamide gel electrophoresis was basically
performed according to the method of O'Farrell et al. (16). Extracts

from E. coli or Paca 2 (a human pancreatic cancer cell line) were applied
to disc gels (containing 8.1 M urea, 4% acrylamide, 2% Nonidet P-40,
and 2% ampholine) for isoelectric focusing for 10 h at 4Â°C.Then the
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Fig. 1. Results of ELISA with anli-smg p2IA and ami-ras p21 mAbs. In A,

various anti-smg p21A mAbs (T22. T212. T18. and T32) were serially diluted
and their identification of sniff p21A produced by E. coli (open symbols) or Ki-ras
p21 also produced by E. coli (closed symbols) was examined. In B, the reactivity
of anti-ras p21 mAbs (RASK-3. -4, and-15) were examined forsm# p21A (closed
symbols) or Ki-ras p21 (open symbols).

Fig. 2. One-dimensional immunoblotting assay using smg p21A and Ki-ras
p21 produced by E. coli and with Paca 2 lysate. smg p21A from E. coli (lanes I,
2, and 3). Ki-ras p2I from E. coli (lanes 4, 5, and 6), and the lysate of the human
pancreatic cancer cell line Paca 2 (lanes 7, 8, and 9) were subjected to 15% SDS-
PAGE and electrophoretically blotted onto membranes. T22 (IgG2a, lanes I, 4,
and 7). RASK-3 (IgG2b, lanes 2, 5, and 8), and the control HPL-2 (IgG2a, lanes
3, 6, and 9) were then applied. Detection was performed using '"I-labeled protein
A as described in "Materials and Methods." In lane 5, several molecules smaller
than M, 21,000 which are considered to be degradation molecules of Ki-ras p21
were also detected. Ordinate, molecular weight in thousands.
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Fig. 3. Two-dimensional immunoblotting assay. Ki-rai p2l from E. coli (A),
smg p2IA from E. coli (B), and Paca 2 lysate (C, D, and E) were subjected to
isoelectric focusing (horizontal)/SDS-PAGE (vertical) and electrophoretically
blotted onto membranes. RASK-3 (A and C). T22 (Band D). and T2I2 (IgG2b,
E) were used as the first antibodies and detected by 12!I-labeled protein A. Four
spots with mutually distinct pi values were always detected in both Ki-ras p21
(A) and smg p2IA (B) from E. coli. Treatment of both molecules by alkaline
phosphatase showed no change. Ordinate, molecular weight in thousands.
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Fig. 4. Immunohistochemical staining of
normal human tissues. Each tissue was stained
with T22 (A, C, E, and G) or RASK-3 (B, D,
F, and H) by the avidin-biotin-complex
method. A and />'.adrenal gland: C and I).

urinary bladder: E and F, colon cancer; G and
//, renal cancer (x 200).

disc gels were equilibrated with 62.5 IHMTris-HCl (pH 6.8) containing
10% glycerol, 2.3% SDS, and 5% 2-mercaptoethanol for 30 min. Disc
gels were next placed on 15% gel for SDS-PAGE, and then immuno-
blotting was performed as described above for one-dimensional
immunoblotting.

RESULTS

Production of Anti-smg p21A Monoclonal Antibodies and
Their Specificities. Four clones producing monoclonal antibod
ies (T22, T212, T18, and T32) were obtained. As shown in Fig.
1, their specificities were analyzed by ELISA in parallel with
the monoclonal antibodies RASK-3, RASK-4, and RASK-15,
all of which were previously prepared for ras p21 (15). Both
T22 and T212 showed a lO'-fold greater reaction with smg
p21A than with K\-ras p21, whereas RASK-3 had a lOMbld
greater reaction with Ki-ras p21 than with smg p21A.

The specificity of T22 and RASK-3 was further analyzed by

immunoblotting assay. Fig. 2 shows the results of a one-dimen
sional immunoblotting assay using smg p21A and ras p21
produced by E. coli. T22 reacted with smg p21A but not with
ras p21, whereas RASK-3 reacted with ras p21 but not with
smg p21A. Neither T22 nor RASK-3 reacted with smg p21B
purified from human platelets (data not shown). When the
lysate from the Paca 2 pancreatic cancer cell line was used, M,
21,000 bands were stained by both T22 and RASK-3 but not
by the control monoclonal antibody (HPL-2). T212 also de
tected a similar band to T22 (data not shown). Paca 2 may
express both smg p21A and ras p21, but these two molecules
were indistinguishable by one-dimensional assay. Two-dimen
sional immunoblotting assay was therefore subsequently per
formed, smg p21A and Ki-ras p21 derived from E. coli were
initially subjected to isoelectric focusing and then developed by
SDS-PAGE for immunoblotting as described in "Materials and
Methods." RASK-3 stained 4 spots in the Ki-ras p21 sample
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Table 1 Expression of smg p21A and ras p2l in normal human tissues Table 2 Expression ofsmg p21A anil ras p21 in malignant human tissues
Level ofexpression"TissueBrain

(3)*Salivary

gland(4)Thyroid

(4)Lymph

node(3)Lung
(3)Stomach

(4)Spleen

(4)Liver

(3)Pancreas

(5)Colon

(3)Adrenal

(3)Kidney

(4)Urinary

bladder(3)Ovary

(3)Testis

(5)Cell

typeNeural

cellsGlial
cellsAcinar
cellsDuct
epithelialcellsFollicular

cellsParafollicularcellsLymphocytesBronchial

epithe
lialcellsAlveolar

cellsFoveolar
cellsMucous
neckcellsMucous

cellsChief
cellsParietal
cellsSmooth
musclecellsLymphocytesHistiocytesHepatocytesBile

duct epithe
lialcellsAcinar

cellsIslet
cellsDuct
epithelialcellsGoblet

cellsAbsorptive
cellsSmooth
musclecellsCortical

cellsMedullary
cellsGlomerular
cellsTubular

epithe-liai

cellsTransitional
cellsSmooth

musclecellsOocytesGranulosa

cellsTheca
cellsLeydig
cellsSertoli

cellsSpermatogeniccellssmg

p2 1A2+,
1+,Â±fI+,

1+,Â±1+,
Â±.-,-}+,

}+, 3+,+1-K

1+, 1-K 1+2+,
2+. 1-K 1+2+.

2+.-3+,

3+,3+3+,

2+.2+Â±,
â€”. â€”.â€”2-K

2+, 2+,2+Â±.

â€”. â€”,â€”1+,
Â±,-,-2-K
3-K 3-K3+l+.Â±,

2-K2+2-K

2+. ]+,-3+,
2+. 1+,-3+,
3+.2+2+,
2+.2+1-K

1+. Â±,Â±,Â±2+,
l+,2+,Â±,-3-K
3+. 1+,3+,3+Â±.

-.-2+.
3+.2+2+,
2+.Â±3+.

3+.3+1-K
l+.Â±-,

â€”,-,Â±3-K
3-K 3-1-,1+3-K

3-K2+2+,

l+,Â±3-K

2-K3+3+,
2+,2+1-K2+.2+3+.

3+, 3+,3+,2+Â±,

Â±,â€”, Â±,1+1+.
l+. Â±,1-K1

+ras

p211-K
1+,Â±1-K
1+,Â±l+,Â±,

-,-3+.
3+, 3+.+1-K

1+, 1+,Â±1+,
Â±.1+, 1+3+,

2+,-3+.
3+.2+ÃŒ+,

\+.Â±+
f â€”̂ â€”̂â€”2+,

2+. 2+,2+â€”,

â€”,-,â€”1+.
Â±.-,-2+,
3+, 3+,3+1+.
Â±.1+, 1+2+,

2-K1-K-3+,
2-K1+.-3-K
3-K 1+2+,
2-KÂ±Â±,

1+. Â±,Â±,Â±1-K
1+, 1+, Â±,Â±2+,
3+, +,3+,3+Â±,

-,-3+.
2-K2+3+,
+,Â±3-K

3+,3+1+.
1-KÂ±â€”

. â€”,-,â€”3+.
2-K 2+,2+3-K

2+,2+2+,

l+,Â±3+.

3-K3+3+,3-K
1+1+,

2+. 1+3+,
2+, 3+,3+,2+Â±.

Â±,-, Â±.1+1-K
1+, Â±,1+,1

+
" The level of expression is shown as follows: rÂ¿of positive cells >80%, 3+;

50-80%, 2+; 20-50%, 1+; 5-20%, Â±;<5%, -.
* Numbers in parentheses, numbers of samples tested.
c Results of smg p2IA and ras p21 obtained for each sample are in the same

order.

with pi values of 5.2, 5.4, 5.7, and 6.0 (Fig. ÃŒA).T22 also
detected 4 spots in the smg p21A sample, which had different
pi values from those detected by RASK-3 (4.3, 4.5, 4.8, and
5.0) (Fig. 3ÃŸ).When the lysate from Paca 2 was applied, RASK-

3 detected 3 points with pi values of 6.0, 6.2, and 6.3 (Fig. 3C),
whereas either T22 or T212 detected only a single point with a
pi of 5.3 (Fig. 3, D and E). Thus, the monoclonal antibodies
T22 (and T212) and RASK-3 detected mutually distinct mole

cules in cellular lysates as well as in E. coli extracts of smg
p21A and ras p21.

Expression of smg p21A and ras p21 in Normal Human
Tissues. We then analyzed the expression of smg p21 A and ras
p21 in a variety of normal human tissues using immunohisto-

chemical techniques. The staining pattern of T22 was extremely
similar to that of RASK-3 in all the tissues we examined.
Representative examples of the immunohistochemical staining
of normal tissues are shown in Fig. 4, A-D. No definite disso-

TissueBrainThyroidLymph

nodeLungSalivaryglandStomachColonPancreasAdrenalKidneyLiverUrinarybladderOvaryTestisHistolÃ³gica!

diagnosisGlioblastoma
(2)*Papillary

carcinoma(3)Malignant
lymphoma(3)Squamous
cellcarcinoma(3)Mucoepidermoid

carci
noma(2)Squamous

cellcarcinoma(1)Adenoidcystic

carcinomaÂ«uAcinic

cell carcinoma(1)Adenoma
(2)Adenocarcinoma
(4)Adenocarcinoma

(3)Duct
cell carcinoma(4)Cortical

carcinoma(3)Renal
cell carcinoma(3)Hepatocellular

carcinoma(4)Transitional

cell carci
noma(3)CystadenocarcinomaMucinous(2)Serous

(I)Seminoma
(3)Level

ofexpression"smg

p2 1A2+,
2+c3+,

3-K 1+3+,
2+,Â±3-K
2+,Â±3+,

3+1+â€”â€”Â±,

Â±3+
3+3+2+3+,

1+,Â±3-K
3-K2-K1

+3+,
3-K2+3+,
3+,1+3+
3+3+3+2-K

2-K 1+3+,

1+Â±2-K

2-K 1+ra.v

|i212-K

2+3-K
3+, 1+3+,
2+,Â±3+,
2+,+3-K

3+1

+â€”â€”Â±,

-3+
3+3+2+3+,

1+,Â±3+,
3+,2+,1

+3+,
3+,2+3+,
3+, 1+3+,
3+,3+,3+2+,

2-KÂ±3+,

1+â€”2-K

2+, 1+

" The level of expression is shown as follows: % of positive cells >80%, 3+;
50-80%, 2-K 20-50%, 1+; 5-20%. Â±;<5%. -.

* Numbers in parentheses, numbers of samples tested.
' Results of smg p21A and ras p21 obtained for each sample are in the same

order.

ciation of the expression pattern identified by smg p21 A and
ras p21 was observed in the tissues we examined (Table 1).

Expression of smg p21A and rus p21 in Malignant Human
Tissues. The expression of smg p21A and ras p21 in a variety
of malignant human tissues was also analyzed and the results
are summarized in Table 2. Both molecules were again ex
pressed very similarly in tissues examined. Representative ex
amples are shown in Fig. 4, E, F, G, and H. Expression of both
molecules in most malignant tissues was coincident with that
in normal counterparts, except that their expression was higher
in stomach cancer than in normal stomach tissues.

DISCUSSION

The first step in this analysis was to obtain monoclonal
antibodies specific for smg p21A. Since smg p21A has a high
amino acid sequence homology with ras p21 (3, 4), immuno-
logical cross-reactivity between these two molecular families
would be expected to be a problem, and in fact many of the
monoclonal antibodies reactive with smg p21 A were also reac
tive with ras p21. Even some clones which seemed to be specific
for smg p21A in the initial screening were eventually found to
be reactive with ras p21 to some extent (e.g., T18 and T32,
shown in Fig. 1).

The clones T22 and T212 were considered to be specific for
smg p21 A for the following reasons. These two clones reacted
with smg p21 A, but not ras p21 produced by E. coli, in the one-
dimensional immunoblotting analysis. They failed to react with
smg p21B purified from human platelets. In the one-dimen
sional immunoblotting analyses performed with extracts of
human cancer cells, these two clones and RASK-3, specific for
ras p21, detected similar M, 21,000 bands. However, isoelectric
focusing showed that T22 and T212 detected different mole
cules from RASK-3. These studies also confirmed that RASK-
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3, which we previously prepared against ras p21, did not cross-

react with smg p21 A.
Having established the serological characteristics of our

monoclonal antibodies for smg p21A and ras p21, we then
proceeded to make a detailed immunohistochemical analysis of
the expression of smg p21A and ras p21 in a variety of normal
and malignant human tissues. Immunohistochemical analysis
of normal human tissues revealed that the expression of these
two molecules was quite similar, with none of the tissues or
cellular populations showing consistent differences in their
expression. The ubiquitous tissue and subcellular distribution
of smg p21 s in rat tissue has recently been shown by use of a
polyclonal antibody recognizing both smg p21A and -B (17).
However, in rat brain smg p21s were detected abundantly in
the cytoplasmic region of neural cell bodies where ras p21s
were poorly detected. In addition, smg p21s were detected in
spermatogenic cells of rat testis where ras p21s were undetect-
able. We have demonstrated here that both smg p21 A and ras
p21s are detected in the cytoplasmic region of neural cell bodies
of human brain and spermatogenic cells of human testis. The
exact reasons for this difference between the previous and
present results are not known. Several possible explanations
may include difference of species (human tissues versus rat
tissues), difference of tissue fixation and preparation (10%
formalin-fixed and paraffin-embedded tissues versus OCT com
pound-embedded and 2% formalin-fixed tissues), and also dif
ference of antibodies (smg p21A-specific monoclonal antibody
versus smg p21A- and smg p2IB-specific polyclonal antibody).
To clarify these possibilities, it is necessary to make an anti-
smg p21B monoclonal antibody and perform an immunohis
tochemical analysis using the anti-ras p21, smg p21 A, and smg
p21B antibodies under the same conditions in human and rat
tissues.

Our analysis of a limited number of malignant tissues sug
gests that the profile of expression of these two molecules is
largely dependent on that in the corresponding normal cells.
This finding corresponds with the views expressed by Chesa et
al. (18) concerning the expression of ras p21 in a variety of
malignant and nonmalignant human tissues. The exception was
gastric cancer, which strongly expressed both smg p21A and
ras p21 molecules despite their weak or nondetectable expres
sion in the corresponding normal cells. As with the expression
of ras p21 (15), smg p21A was also expressed in intestinal
metaplasia and atypical hyperplasia but not in hyperplastic
polyps (data not shown). This emphasizes the similarity of the
expression of both molecules in such tissues and shows that
increased expression of smg p21A and ras p21 in gastric ade-
nocarcinoma precedes its cytological transformation, as we
reported previously (15).

Recently, Culine et al. (19) reported an analysis of ra/>lA,
rap IB, and rapi expression in 41 primary human tissues by
means of Northern blot hybridization. They found a significant
decrease of rapi A transcripts in salivary gland adenocarcinoma
when compared with normal salivary gland tissue. In our study,
however, all acinar cells, adenomas, and adenocarcinomas of
the salivary gland showed weak or no expression of smg p21 A
and ras p21, whereas salivary ductal epithelium showed high
expression of both molecules. We are therefore inclined to
think that the low expression of smg p21A and ras p21 in
salivary gland adenocarcinoma might be a reflection of the
characteristics of the normal acinar cells in this particular cell
population rather than being due to tumorigenesis .

The molecular interactions between smg p21A and ras p21

are largely unknown, but these two molecular families share
extensive similarities. They were also shown in this analysis to
have a very similar distribution in both normal and malignant
tissues. Our results suggest that an extremely intimate relation
ship may exist between these two molecules, regardless of
whether they function similarly and/or antagonistically. Clari
fication of their possibly antagonistic biological functions sug
gested by the analysis of Noda et al. (7,8) requires investigation
of the various other molecules which may interact with these
two molecules (20-26).
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